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,QWURGXFWLRQ
(QHUJ\LQIUDVWUXFWXUHVVXFKDVJDVSLSHDQGHOHFWULFLW\QHWZRUNVIRUPWKHEDFNERQHRIPRGHUQVRFLHW\DVWKH\
SURYLGHHVVHQWLDOXWLOLWLHVDQGVHUYLFHV+RZHYHUVRFLHW\LVLQFUHDVLQJO\FKDOOHQJHGZLWKGZLQGOLQJHQHUJ\UHVHUYHV
IRUHOHFWULFLW\JHQHUDWLRQDQGDGYHUVHHIIHFWVIURPHPLVVLRQRIFDUERQGLR[LGHIURPHQHUJ\XVH,QUHVSRQVHWRWKHVH
FKDOOHQJHV VHYHUDO QHZ LQLWLDWLYHV DUH EHLQJ GHYHORSHG WR SURYLGH DOWHUQDWLYHV WR IRVVLO IXHO DQG UHGXFH KDUPIXO
HPLVVLRQV7KHUHDUHIRUH[DPSOHSODQVWRGHYHORSSLSHOLQHQHWZRUNVWKDWFRQQHFWELRJDVIDUPHUVDQGSRROWKHLURXWSXW
IRUXVHDVDOWHUQDWLYHIXHODQGQHWZRUNVIRUFDUERQFDSWXUHDQGVWRUDJH&&6
,QPRVWFDVHVGHYHORSPHQWRIWKHVHQHWZRUNVLQYROYHVVHYHUDOLQGHSHQGHQWRUJDQL]DWLRQVWREHFRQQHFWHGLQWRWKH
QHWZRUN,QWKHH[SORUDWRU\RUGHVLJQSKDVHRIWKHVHQHWZRUNVDPRQJRWKHUVWKHFDSDFLW\RIWKHSLSHUHTXLUHGE\HDFK
RIWKHVXSSOLHUVFRQVXPHUVLVDPDMRUXQFHUWDLQW\DVWKHIORZIURPHDFKVXSSOLHUPLJKWFKDQJHRYHUWLPH7KHFKDOOHQJH
IRUWKHGHYHORSHUWKHQLVWRGHFLGHZKRWRFRQQHFWILUVWDQGKRZWRGHYHORSWKHQHWZRUNWDNLQJWKHXQFHUWDLQW\LQWR
DFFRXQW
,QIDFLQJGHVLJQXQGHUXQFHUWDLQW\WKHFRPPRQSUDFWLFHLQV\VWHPVHQJLQHHULQJLVWRILQGDQRSWLPDOQHWZRUNWKDW
VDWLVILHV D IL[HG VHW RI SDUDPHWHUV +RZHYHU DQ RSWLPL]HG VROXWLRQ LV ULJLG DQG GRHV QRW SHUIRUP ZHOO ZKHQ
XQFHUWDLQW\ LVKLJK ,I WKH IXWXUHXQFHUWDLQW\ WXUQVRXW WREH IDYRUDEOH WKHSRLQWRSWLPL]HG VROXWLRQ LV ULJLG WREH
H[SDQGHGDQGPRGLILHGZKLFKFDXVHVDORVVRIRSSRUWXQLW\2QWKHRWKHUKDQGLIWKHIXWXUHWXUQVRXWWREHXQIDYRUDEOH
SRLQWRSWLPL]HGVROXWLRQVFDQQRWHDVLO\EHUHGXFHGLQVFDOHZDVWLQJFDSLWDO7KLVFDOOVIRUDQDSSURDFKWKDWGHVLJQV
QHWZRUNVWREHHDVLO\FKDQJHGWRDGDSWWRXQFHUWDLQIXWXUHFRQGLWLRQV
)OH[LELOLW\ LQGHVLJQ LVDPHWKRG WR UHFRJQL]HDQGHPEUDFH WKHHIIHFWVRIXQFHUWDLQW\7KHEDVLFSUHPLVHZLWK
LQWURGXFLQJIOH[LELOLW\LQWRWKHGHVLJQRIQHWZRUNVLVWKDWLWSURYLGHVWKHGHYHORSHUZLWK³ULJKWVEXWQRWREOLJDWLRQV´WR
GHYHORSLQSDUWLFXODUZD\VJLYHQWKHQDWXUHRIXQFHUWDLQW\)OH[LELOLW\SURYLGHV³RSWLRQV´LQWKHVWULFWWHFKQLFDOVHQVH
RIWKHZRUGWKHVHDUHQRWMXVWDOWHUQDWLYHVWKH\DUHFDSDELOLWLHVWRUHDFWHDVLO\LQDQXPEHURIZD\VWKDWZRXOGQRWEH
SRVVLEOHXQOHVVGHVLJQHUVPDNHLQWHQWLRQDOFKRLFHVLQWKHGHVLJQSKDVH)RUH[DPSOHLQWKHFDVHRIELRJDVQHWZRUN
GHYHORSPHQWIOH[LELOLW\FDQPHDQVL]LQJSLSHFDSDFLW\WREHDEOHWRKDQGOHH[WUDIORZDQWLFLSDWLQJFRQQHFWLRQWRIXWXUH
SRWHQWLDO QHZ SDUWLFLSDQWV DQG VR IRUWK 7KH FODLP LV WKDW IOH[LELOLW\ HQDEOHV WKH GHYHORSHUV WR JDLQ IURP XSVLGH
RSSRUWXQLWLHVDQGPLQLPL]HGRZQVLGHULVNV0RUHGLVFXVVLRQRQWKHFRQFHSWXDOPHDQLQJRIIOH[LELOLW\DQGW\SHVRI
IOH[LELOLWLHVLQQHWZRUNHGHQHUJ\LQIUDVWUXFWXUHVLVJLYHQLQVHFWLRQ
,QWKLVSDSHUZHSURSRVHDFRPSXWHUVLPXODWLRQIUDPHZRUNWKDWLQWHJUDWHVDVWRFKDVWLFFDSDFLW\GHPDQGPRGHODQG
QHWZRUNGHVLJQKHXULVWLFDOJRULWKPWRH[SORUHQHWZRUNGHVLJQRSWLRQV7KHIUDPHZRUNJHQHUDWHVDQGHYDOXDWHVQHWZRUN
GHVLJQVXQGHUFDSDFLW\XQFHUWDLQW\DQGVKRZVWKDWIOH[LELOLW\FDQHQKDQFH WKHYDOXHRI WKHQHWZRUNVE\UHGXFLQJ
GRZQVLGHULVNVDQGEHQHILWLQJIURPXSVLGHJDLQVFRPSDUHGWRWKHRSWLPDOVROXWLRQDSSURDFKZKLFKLVGHWHUPLQLVWLF
7KLVSDSHULVRUJDQL]HGDVIROORZV6HFWLRQGLVFXVVHVWKHFKDUDFWHULVWLFVRIQHWZRUNHGHQHUJ\LQIUDVWUXFWXUHVDQG
FRQFHSWXDOL]HVWKHPDVQHWZRUNVZLWKQRGHVDQGOLQNV6HFWLRQGLVFXVVHVIOH[LELOLW\LQHQHUJ\QHWZRUNV6HFWLRQ
SURSRVHV D FRPSXWDWLRQDO VLPXODWLRQ IUDPHZRUN IRU H[SORULQJ IOH[LEOH GHVLJQ RSWLRQV XQGHU FDSDFLW\ GHPDQG
XQFHUWDLQW\6HFWLRQ GHPRQVWUDWHV WKH SURSRVHG IUDPHZRUNE\ DSSO\LQJ LW WR WKH GHYHORSPHQW RI D K\SRWKHWLFDO
QHWZRUNLQIUDVWUXFWXUH6HFWLRQFRQFOXGHVWKLVSDSHU
&KDUDFWHULVWLFVRI1HWZRUNHG(QHUJ\,QIUDVWUXFWXUHV
(QHUJ\ LQIUDVWUXFWXUHV KDYH D VRFLRWHFKQLFDO QDWXUH LH ERWK D SK\VLFDO DQG VRFLDORUJDQL]DWLRQDO VWUXFWXUH
3K\VLFDOO\ WKH\ DUH KLJKO\ HQJLQHHUHG WHFKQLFDO DUWLIDFWV DQG IDFLOLWLHV IRU WKH SURGXFWLRQFRQYHUVLRQWUHDWPHQW
GLVWULEXWLRQ DQG VXSSO\ RI HVVHQWLDO HQHUJ\ QHHGV RI VRFLHW\ 7KH VRFLDO VWUXFWXUH LPSOLHV WKH RUJDQL]DWLRQ DQG
LQVWLWXWLRQVWKDWGHVLJQRSHUDWHDQGPDNHXVHRIWKHWHFKQLFDODUWLIDFWV,QWKLVSDSHUZHIRFXVRQWKHGHVLJQRIWKH
SK\VLFDOVWUXFWXUHDQGRQDQDEVWUDFWOHYHOFRQFHSWXDOL]HLWDVDQHWZRUNRIOLQNVDQGQRGHVKRXVLQJDFHUWDLQIORZ
WKDWPRYHVWKURXJKWKHOLQNVDQGLVSURFHVVHGLQWKHQRGHV/LQNVDQGQRGHVDUHJHQHULFFRPSRQHQWVRIWKHQHWZRUN
7KHOLQNVDUHOLNHSLSHVFDEOHVZKLFKWUDGLWLRQDOO\DUHUHIHUUHGDV³LQIUDVWUXFWXUH´DQGWKHQRGHVDUHOLNHSURGXFWLRQ
SURFHVVLQJVWRUDJHDQGFRQVXPSWLRQVLWHV)RUH[DPSOHDJDVSLSHQHWZRUNEHJLQVZLWKJDVSURGXFWLRQSODQWQRGH
WKHSURGXFHGJDV LV WUDQVSRUWHG WKURXJKSLSHOLQN WRZDUGVFRQVXPHUVQRGHIRU WKHSXUSRVHRIHQHUJ\KHDWDQG
HOHFWULFLW\RUIRUFKHPLFDOSURFHVVLQJ
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7KH IROORZLQJDUH VRPHFRPPRQFKDUDFWHULVWLFVRI HQHUJ\QHWZRUNV WKDWPDNH WKHGHVLJQLQJ DQGGHYHORSPHQW
SODQQLQJSURFHVVYHU\FKDOOHQJLQJ
x Capital intensive WKH GHVLJQ DQG GHYHORSPHQW RI WKHVH QHWZRUNV UHTXLUH VXEVWDQWLDO DPRXQW RI FDSLWDO
LQYHVWPHQWXVXDOO\LQKXQGUHGVRIPLOOLRQVRUELOOLRQVRIGROODUV
x Evolving internal and external uncertainty WKHVHQHWZRUNV DUH EHLQJGHVLJQHG GHYHORSHG DQGRSHUDWHG LQ
XQFHUWDLQ HQYLURQPHQW )RU H[DPSOH WKH FDSDFLW\ UHTXLUHG E\ VXSSOLHUVFRQVXPHUV RI WKH QHWZRUN PLJKW
FKDQJHRYHUWLPH
x Long life timeOLIHF\FOHRIWKHVHQHWZRUNVLHGHVLJQGHYHORSPHQWRSHUDWLRQDQGDEDQGRQPHQWVSDQVVHYHUDO
GHFDGHV
7KHVH FKDUDFWHULVWLFV DPRQJ RWKHUV FUHDWH XQFHUWDLQW\ IRU WKH SURMHFW GHYHORSHUV DQG PDNH GHFLVLRQ PDNLQJ
GLIILFXOW7KHSUDFWLFHRIWUDGLWLRQDOHQJLQHHULQJGHVLJQIRFXVHVRQILQGLQJDQRSWLPDOVROXWLRQJLYHQDGHWHUPLQLVWLF
DVVXPSWLRQRIWKHIXWXUHHQYLURQPHQWLQZKLFKWKH\ZLOOEHRSHUDWHG'HWHUPLQLVWLFRSWLPL]DWLRQRIWHQOHDGVWRDULJLG
QHWZRUNGHVLJQ VROXWLRQ WKDW LV DSSURSULDWH LI WKH IXWXUH FRQGLWLRQ LV UHODWLYHO\ VWDEOH 6XFKSRLQWRSWLPDO GHVLJQV
ZLWKRXWWDNLQJLQWRDFFRXQWXQFHUWDLQW\PD\FDXVHKXJHILQDQFLDOORVVHV,QWKLVSDSHUZHSURSRVHDIOH[LEOHGHVLJQ
DSSURDFKWRHQDEOHQHWZRUNVWREHHDVLO\FKDQJHGWRDGDSWWRXQFHUWDLQIXWXUHFRQGLWLRQVZKLFKLVGLVFXVVHGLQPRUH
GHWDLOLQVHFWLRQ
)OH[LELOLW\LQ1HWZRUNHG(QHUJ\,QIUDVWUXFWXUHV
,Q PDQ\ GLVFLSOLQHV IOH[LELOLW\ LV LQWXLWLYHO\ GHILQHG DV WKH DELOLW\ WR UHVSRQG WR FKDQJHV HDVLO\ :H GHILQH
IOH[LELOLW\DVWKHSURSHUW\RIWKHV\VWHPHQGRZHGE\GHVLJQDWLQLWLDOVWDJHZKLFKJLYHVLWWKHFDSDELOLW\WRUHVSRQG
WR IXWXUH FKDQJHV'H1HXIYLOOH FODLPVZLWK VRPH VWURQJ FRQFHSWXDO UHDVRQLQJ DQG SUDFWLFDO FDVH DQDO\VLV WKDW
IOH[LELOLW\FDQDGGYDOXHRYHURSWLPL]DWLRQGHVLJQDSSURDFKHV7KHDGGHGYDOXHFRXOGFRPHHLWKHUIURPDQLQFUHDVHLQ
H[SHFWHGJDLQUHGXFWLRQLQPD[LPXPSRVVLEOHORVVUHGXFWLRQLQLQLWLDOFDSLWDOH[SHQGLWXUHRUDFRPELQDWLRQRIWKRVH
,QJHQHUDOWKHUHDUHWZRNLQGVRIIOH[LELOLWLHVLQQHWZRUNHGHQHUJ\LQIUDVWUXFWXUHVDUFKLWHFWXUDODQGRSHUDWLRQDO
$UFKLWHFWXUDOIOH[LELOLW\LVDFKLHYHGE\GHVLJQVWKDWHQDEOHWKHV\VWHPWRPRGLI\FRQILJXUDWLRQVRUOD\RXWVWRIXWXUH
XQFHUWDLQW\ ZLWK UHODWLYH HDVH 2SHUDWLRQDO IOH[LELOLW\ LV DFKLHYHG E\ GHVLJQV ZKLFK DOORZ HDV\ PRGLILFDWLRQ RI
RSHUDWLQJVWUDWHJLHVZLWKRXWPDMRUFRQILJXUDWLRQFKDQJHV,QWKLVSDSHUZHIRFXVRQDUFKLWHFWXUDOIOH[LELOLW\WRH[SORUH
SURPLVLQJGHVLJQRSWLRQVDQGVKRZRQDFRQFHSWXDO OHYHO WKDW WKHUH LVYDOXHFRPSDUHG WRDGHWHUPLQLVWLFGHVLJQ
DSSURDFK,QWKHFDVHRIQHWZRUNHGHQHUJ\LQIUDVWUXFWXUHE\DUFKLWHFWXUDOIOH[LELOLW\ZHPHDQLWLVSRVVLEOHWR
x Add or delete nodes or connectionsRYHUWKHOLIHF\FOHRIWKHLQIUDVWUXFWXUHQRGHVRUDQGFRQQHFWLRQVFDQEH
DGGHGRUDEDQGRQHG:KHQVXFKNLQGVRIIOH[LELOLWLHVDUHH[HUFLVHGWKHSK\VLFDOFRQILJXUDWLRQRIWKH
LQIUDVWUXFWXUHZLOOFKDQJH
x Modify connections among the nodesWKLVPHDQVFKDQJHVLQWKHZD\QRGHVDUHFRQQHFWHGRUGLIIHUHQWURXWHV
IRUDQH[LVWLQJFRQQHFWLRQ7KLVW\SHRIIOH[LELOLW\LVUHIHUUHGWRDVQHWZRUNUHFRQILJXUDELOLW\
x Modify the designs or properties of nodes or connectionsWKLVIOH[LELOLW\FKDQJHVWKHSURSHUWLHVRIQRGHVRU
FRQQHFWLRQVLQDQHWZRUNEXWQRWLWVFRQILJXUDWLRQV)RUH[DPSOHFDSDFLW\H[SDQVLRQRIOLQNVDQGRUVRXUFH
RUVLQNQRGHV
7KHFKDOOHQJHRIH[SORULQJDQGLQWHJUDWLQJIOH[LELOLW\FRPHVIURPWKHODUJHQXPEHURISRVVLELOLWLHVRIGHVLJQLQJWKH
QHWZRUNDQGWKHLPSOHPHQWDWLRQRIIOH[LELOLW\GHFLVLRQVERWKWHPSRUDOO\DQGVSHFLDOO\7KHVROXWLRQWRWKLVFKDOOHQJH
VKRXOGHQDEOHIOH[LEOHFRQQHFWLYLW\ZLWKLQWKHFRQVLGHUHGQRGHVDOORZLQJFRQQHFWLRQDQGH[SORLWDWLRQRIQRGHVVRXUFH
RUVLQNZKLFKFXUUHQWO\GRHVQ¶WORRNIHDVLEOHWRFRQVLGHUEXWLQWKHIXWXUHEHFRPHVLJQLILFDQWWREHFRQQHFWHG,WLV
HQDEOHGE\LQLWLDOGHVLJQVXFKDVWKHDELOLW\RIWKHVLQNQRGHWRDFFRPPRGDWHSRVVLEOHLQFUHDVHLQFDSDFLW\IURPRWKHU
VRXUFHVRUDSLSHWKDWFDQDFFRPPRGDWHSRVVLEOHLQFUHPHQWLQFDSDFLW\7RIDFLOLWDWHWKHWDVNRIH[SORULQJWKLVFRPSOH[
GHVLJQVSDFHDQGJHQHUDWHSURPLVLQJGHVLJQRSWLRQVZHSURSRVHDFRPSXWDWLRQDOIUDPHZRUNEDVHGRQDFRPELQDWLRQ
RI0RQWH&DUORVLPXODWLRQDQGJUDSKWKHRUHWLFDODSSURDFK
$&RPSXWDWLRQDO)UDPHZRUN
7RH[SORUHIOH[LELOLW\XQGHUFDSDFLW\XQFHUWDLQW\WKLVSDSHUSURSRVHVDFRPSXWDWLRQDOIUDPHZRUNVKRZQLQ)LJ
7KHNH\HOHPHQWVRI WKLVFRPSXWDWLRQDO IUDPHZRUN LQFOXGHXQFHUWDLQYDULDEOHPRGHO VLPXODWLRQPRGHOEDVHGRQ
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KHXULVWLFDOJRULWKPGHFLVLRQUXOHVDQGHYDOXDWLRQRIGHVLJQRSWLRQV7KHORRSUHSUHVHQWV0RQWH&DUORVLPXODWLRQDQG
HDFK UXQ WDNHV RQH HYROXWLRQDU\ SDWK RI DQ XQFHUWDLQ YDULDEOH DQG JHQHUDWHV DOWHUQDWLYH GHVLJQ RSWLRQV DQG WKHLU
HFRQRPLFHYDOXDWLRQUHVXOWV$GHVFULSWLRQRIWKHNH\HOHPHQWVRIWKHFRPSXWDWLRQDOIUDPHZRUNLVSURYLGHGEHORZ

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










)LJ3URSRVHGFRPSXWDWLRQDOIUDPHZRUNWRH[SORUHIOH[LEOHGHVLJQRSWLRQVXQGHUFDSDFLW\XQFHUWDLQW\

x Modelling capacity demand,QWKLVUHVHDUFKZHGHYHORSDVWRFKDVWLFFDSDFLW\GHPDQGXQFHUWDLQW\PRGHOEDVHG
RQDQDQDO\WLFDODSSURDFK&DSDFLW\UHTXLUHGE\WKHSDUWLFLSDQWQRGHLQWKHHQHUJ\LQIUDVWUXFWXUHQHWZRUNFDQ
DOVREHRWKHUZLVHUHSUHVHQWHGE\IORZIURPRUWRWKDWSDUWLFXODUQRGH%\PDNLQJVRPHLQLWLDODVVXPSWLRQVRQ
IORZHVWLPDWHVIURPQRGHVLHW\SHRIGLVWULEXWLRQVSHHGRIFRQYHUJHQFHWKLVDSSURDFKDYRLGVUHTXLULQJODUJH
VDPSOHVRIKLVWRULFDOGDWD7KHILUVWVWHSLVWRWUDQVIRUPDQLQLWLDOIORZHVWLPDWHLQWRDSUREDELOLW\GLVWULEXWLRQ
VXFKDVQRUPDOGLVWULEXWLRQFKDUDFWHUL]HGE\YHFWRU'WFRQWDLQLQJWKHPRPHQWVRIWKHGLVWULEXWLRQPHDQDQG
VWDQGDUGGHYLDWLRQ7KHVHFRQGVWHSLVWRJHQHUDWHDQHQVHPEOHRIIORZHVWLPDWHWUDMHFWRULHV)WJLYHQWKHPRGHO
VKRZQLQ)LJ











)LJ0RGHOIUDPHZRUNIRUIORZXQFHUWDLQW\

x Simulation modelWKLVLVEDVHGRQDJUDSKWKHRUHWLFDOFRQFHSWRIDQHGJHZHLJKWHG6WHLQHUPLQLPDOWUHHZKLFK
ILQGV D PLQLPXP FRVW WUHHVKDSHG QHWZRUN FRQQHFWLQJ WKH QRGHV ,Q D JUDSK WKHRUHWLFDO UHSUHVHQWDWLRQ RI
QHWZRUNVWKHVRXUFHVRIIORZDUHQRGHVDQGWKHLUFRQQHFWLRQVDUHHGJHV7KHHGJHZHLJKWHG6WHLQHUPLQLPDOWUHH
JHQHUDWHVWKHPLQLPDOFRVWFRQQHFWLRQEHWZHHQWKHH[LVWLQJQRGHVWDNLQJLQWRDFFRXQWWKHOHQJWKDQGWKHVL]HRI
0RGHOXQFHUWDLQW\
FDSDFLW\
0RQWH&DUORVDPSOLQJRI
XQFHUWDLQYDULDEOH
6LPXODWLRQ
(GJHZHLJKWHG6WHLQHUPLQLPDOWUHH
DOJRULWKP
'HFLVLRQPDNLQJPRGXOH
*HQHUDWHGHVLJQRSWLRQV
(YDOXDWHGHVLJQV
(FRQRPLFPHWULFV139
'HSHQGLQJRQYDOXH
RIXQFHUWDLQYDULDEOH
H[HFXWHVIOH[LELOLW\
PHDVXUH
Initial estimates 
(p10, p50, p90)
Initial distribution 
 D (t0)            
(mean, variance)
 
*HQHUDWHDQHQVHPEOHRI
HYROXWLRQWUDMHFWRULHV)W

 Y.G. Melese et al. /  Procedia Computer Science  28 ( 2014 )  179 – 186 183
WKHHGJHVIRUH[DPSOHFDSDFLW\RISLSHLQJDVQHWZRUN7KHFRVWRIEXLOGLQJWKHSLSHOLQH݁LVGHILQHGDVܥ௘ ൌ
݈௘ݍ௘
ఉ  DV LQ+HUH݈௘ LV WKH OHQJWK RI݁DQGݍ௘ LV WKH WRWDO FDSDFLW\ RI SLSHOLQH݁ 7KH H[SRQHQWߚLV WKH FRVW
H[SRQHQWIRUWKHFDSDFLW\ZLWKͲ ൑ ߚ ൑ ͳǤ,Iߚ WKHFDSDFLW\RIWKHSLSHOLQHVKDVQRLQIOXHQFHRQWKHFRVWV,I
ߚ ൌ ͳǡEXLOGLQJWZRSLSHOLQHVRIFDSDFLW\LVMXVWDVH[SHQVLYHDVEXLOGLQJRQHSLSHOLQHRIFDSDFLW\:HWRRN
ߚ DVLQLQGLFDWLQJWKDWWKHUHDUHFRVWDGYDQWDJHVWREXLOGLQJKLJKFDSDFLW\SLSHOLQHV7KHWRWDOLQYHVWPHQW
FRVWܥሺܶሻRIDQHWZRUNܶLVWKHVXPRIDOOHGJHVFRVWV

ܥሺܶሻ ൌ σ ݈௘ݍ௘
ఉ
׊௘אாሺ்ሻ 

ZKHUHܧሺܶሻLVWKHVHWRIDOOHGJHVLQDQHWZRUNWUHHܶ
'HSHQGLQJRQWKHYDOXHRIWKHXQFHUWDLQYDULDEOHVWKHVLPXODWLRQPRGHOJHQHUDWHVPXOWLSOHDUFKLWHFWXUDOOD\RXWV
QHWZRUNGHVLJQV$GHWDLOHGH[SODQDWLRQRIKRZWKHPLQLPXPFRVWHGJHZHLJKWHG6WHLQHUPLQLPDOWUHHFDQEH
IRXQGLQ
x Decision rulesWKHVHDUHDVHWRIKHXULVWLFVZKLFKVHWXSWKHFRQGLWLRQIRUH[HUFLVLQJIOH[LELOLWLHV,QWKHVLPXODWLRQ
WKHGHFLVLRQUXOHGHWHUPLQHVZKHQDQGKRZWRH[HUFLVHIOH[LELOLWLHVLHDGGQRGHVPRGLI\FRQILJXUDWLRQLQFUHDVH
FDSDFLW\RIHGJHVDFFRUGLQJWRHYROXWLRQRIWKHIORZ
x Evaluation of design optionsDFFXPXODWLYHGLVWULEXWLRQRIWKHQHWSUHVHQWYDOXHLVXVHGDVHFRQRPLFRXWSXWRI
GLIIHUHQWGHVLJQRSWLRQV,WLVFDOFXODWHGEDVHGDVLPSOLILHGFRVWDQGUHYHQXHPRGHO7KHFRVWPRGHOLVUHSUHVHQWHG
DV݁ݍሺͳሻ7KHUHYHQXHPRGHOFDOFXODWHVWKHH[SHFWHGLQFRPHEDVHGRQWKHIORZIURPHDFKRIWKHVXSSO\VRXUFHV
,WLVDVVXPHGWKDWWKHLQFRPHVDUHOLQHDULQWKHXVHGFDSDFLW\RIWKHQHWZRUN7KHH[SHFWHGLQFRPHVሺܧܫሻIRUD
FKRVHQQHWZRUNܰDUHWKHUHIRUHGHILQHGDV

ܧܫሺܰሻ ൌ ߙσ ݍ்ሺேሻ׊ௌ 

ZKHUH ݍ்ሺேሻ LV WKH XVHG FDSDFLW\ IURP WKH VRXUFHVLQN LQ QHWZRUNܰ DQGߙ LV D FRQVWDQW FRHIILFLHQW
UHSUHVHQWLQJIRULQVWDQFHWKHVHUYLFHFKDUJHSHUXQLWFDSDFLW\XVHG
+\SRWKHWLFDOQHWZRUNDVFDVHVWXG\
7KLVVHFWLRQGHPRQVWUDWHVWKHSURSRVHGIUDPHZRUNE\DSSO\LQJLWWRWKHGHYHORSPHQWRIDK\SRWKHWLFDOSLSHOLQH
QHWZRUN 7KH FDVH VWXG\ H[SORUHV GLIIHUHQW IOH[LEOH GHVLJQ RSWLRQV IRU WKH QHWZRUN DQG FRPSDUHV LW DJDLQVW WKH
GHWHUPLQLVWLFGHVLJQ7KHK\SRWKHWLFDOSLSHOLQHQHWZRUNFRXOGEHD W\SLFDOHQHUJ\ LQIUDVWUXFWXUHZKLFK WUDQVSRUWV
PDWHULDO;IURPGLIIHUHQWVXSSO\SRLQWVSK\VLFDOVRXUFHVWRGHPDQGSRLQWVSK\VLFDOVLQNVWKURXJKWKHOLQNVVXFK
DVSLSHVDQGFRPSUHVVRUVWDWLRQV:HVSHFLI\WKDWWKHK\SRWKHWLFDOQHWZRUNKDVYLVLEOHSK\VLFDOOLQNVDQGQRGHVDVLQ
IRUH[DPSOHJDVSLSHQHWZRUNVDQG&&6QHWZRUNV
,QSUDFWLFHWKHUHDUHVHYHUDOFRQGLWLRQVIRUGHYHORSPHQWRIVXFKQHWZRUNLQIUDVWUXFWXUHV)LUVWO\WKHEHQHILWIURP
WKH VRXUFHSRLQWV VKRXOGEHDEOH WR MXVWLI\ WKHFDSLWDO LQYHVWPHQWQHHGHG LQ WKHLU FRQQHFWLRQ WR WKHGHPDQGSRLQW
SK\VLFDOVLQN6HFRQGO\FHUWDLQSK\VLFDOFRQVWUDLQWVOLNHGLVWDQFHSUHVVXUHDQGIORZDVVXUDQFHOLPLWDWLRQVKDYHWR
EHVDWLVILHG7KHWKLUGLVWKHFRQWUDFWXDOWLPHFRQVWUDLQWVIRULQYHVWPHQWUHFRYHU\EHWZHHQWKHQHWZRUNGHYHORSHUDQG
WKHVXSSOLHUVFRQVXPHUV$OOWKHVHPD\UHVXOWLQGHOD\LQJWKHLQYHVWPHQWGHFLVLRQLQWKHQHWZRUNGHYHORSPHQWXQWLO
WKHSRWHQWLDOVRXUFHVFRQVXPHUVKDYHEHHQFRPSOHWHO\H[SORUHGDQGDSSUDLVHGFRQWUDFWXDOLVVXHVDUHDGGUHVVHGDQG
WKHHFRQRPLFYLDELOLW\LVMXVWLILHG


 %\PDWHULDOZHPHDQIORZLQJPDWWHULQJDVRUOLTXLGVWDWH
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



)LJ/D\RXWRIDK\SRWKHWLFDOQHWZRUNZLWKSRVLWLRQFRRUGLQDWHV%ODFNFLUFOHVUHSUHVHQWQRGHVVRXUFHDQGVLQN

:HFRQVLGHUDFDVHE\ZKLFKDGHYHORSHUZKRVHHVDSRWHQWLDOPDUNHWIRU;LVLQWHUHVWHGWRGHYHORSDSLSHQHWZRUN
FRQQHFWLQJVXSSOLHUVWRFRQVXPHUV$WWKHLQLWLDOVWDJHZHDVVXPHGWKHVXSSOLHUVDUHLQWHUHVWHGWRVHOOWKHLU;LIWKH\
KDYHDFFHVVWRSLSHQHWZRUN+RZHYHUIRUWKHGHYHORSHUWKHFDSDFLW\RIWKHSLSHUHTXLUHGE\HDFKRIWKHVXSSOLHUVLV
XQFHUWDLQDVWKHIORZIURPHDFKVXSSOLHUFKDQJHVRYHUWLPH7RGHPRQVWUDWHWKHDSSOLFDWLRQRIWKHSURSRVHGIUDPHZRUN
FOHDUO\ZHFKRVHDQHWZRUNWKDWLQFOXGHVWKUHHVXSSO\SRLQWVVRXUFHQRGHVDQGRQHVLQNVHH)LJ7KHVLWXDWLRQLV
K\SRWKHWLFDODQGWKHQXPEHUVXVHGDUHVWDQGLQVWRSHUPLWFDOFXODWLRQ












)LJ6LPXODWHGHYROXWLRQDU\SDWKRIIORZHVWLPDWHIRUK\SRWKHWLFDOQHWZRUN

7KHILUVWWDVNLVWRPRGHOWKHXQFHUWDLQW\EHKDYLRXURIIORZIURPHDFKRIWKHVXSSOLHUV$QRUPDOGLVWULEXWLRQRI
LQLWLDOIORZHVWLPDWHIRUHDFKVRXUFHQRGHLVGHILQHG7KHPHDQRIWKHIORZVIRUHDFKRIWKHWKUHHVRXUFHQRGHVLVWDNHQ
LH61ൌ ͻͲ݉ଷȀ݄ݎ61ൌ ͶͲ݉ଷȀ݄ݎǡDQG61ൌ ͳͲͲ݉ଷȀ݄ݎǤ7KHQDQHQVHPEOHRI IORZHYROXWLRQ WUDMHFWRU\IRU
HDFK VRXUFH QRGH LV JHQHUDWHG IRU D WLPH SHULRG RI  \HDUV VKRZQ LQ)LJ7KH HYROXWLRQDU\ IORZSDWK FXUYHV
UHSUHVHQWDVLWXDWLRQWKDWH[LVWVDVSUREOHPLQSUDFWLFDOQHWZRUNGHVLJQWKDWZLWKWLPHVXSSO\IURPDJLYHQVRXUFHFRXOG
UHPDLQUHODWLYHO\XQFKDQJHG61RUGHFUHDVH61RULQFUHDVH61,WVKRZVWKDW61KDVDORZIORZIRUWKH
ILUVW\HDUVEXWGUDVWLFDOO\LQFUHDVHVLQWKH\HDUVDIWHUDQGIORZIURP61GHFUHDVHVFRQWLQXRXVO\RYHUWLPH7KHVLQN
QRGHLVDVVXPHGWRDEVRUEDQ\DPRXQWRIIORZFRPLQJIURPWKHWKUHHVRXUFHV
,IWKHFDSDFLW\RIWKHSLSHFRQQHFWLQJWR61LVGHVLJQHGEDVHGRQWKHIORZHVWLPDWHDWWKHEHJLQQLQJWKHQWKHUH
ZLOOEHDQRSSRUWXQLW\WREHORVWDQGGHVLJQLQJWKHSLSHQHWZRUNWDNLQJLQWRDFFRXQWWKHLQLWLDOIORZHVWLPDWHIRU61
ZLOOOHDGWRXQGHUXWLOL]DWLRQRISLSHFDSDFLW\)RUWKHQHWZRUNGHYHORSHUDGHFLVLRQKDVWREHPDGHWDNLQJLQWRDFFRXQW
WKHIXWXUHRSSRUWXQLWLHV IURPFRQQHFWLQJ WR61DQG WKHSRWHQWLDO ULVNIURPFRQQHFWLQJ WR617KLVFDOOV IRU WKH
GHYHORSHUWRDGRSWDIOH[LEOHVWUDWHJ\WKDWLQWHJUDWHVRSWLRQVDWWKHLQLWLDOVWDJHWRPDNHXVHRIXSVLGHRSSRUWXQLWLHV
DQGPLQLPL]HGRZQVLGHULVNV
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,QSUDFWLFHVWDJHGHYHORSPHQWWKDWLQYROYHFRUHSUHPLVLQJVRXUFHVDQGVHYHUDOSRWHQWLDOVRXUFHVZLWKIOH[LEOH
FRQQHFWLYLW\ EHFRPHV DQ DWWUDFWLYH VWUDWHJ\ IRU D SURMHFW ZLWK PDQ\ ORZ IORZ VRXUFHV ,Q WKH FDVH RI RLOILHOG
GHYHORSPHQW WKH FRQQHFWLRQ WR VPDOO ILHOGV LV NQRZQ DV WLHEDFN ,Q WKLV UHVHDUFK ZH XVH WKH WHUP µIOH[LEOH
FRQQHFWLYLW\¶IRUVXFKNLQGVRIFRQQHFWLRQWRSRWHQWLDOVRXUFHVRWKHUWKDQFRUHVRXUFHV)OH[LEOHFRQQHFWLYLW\DOORZV
FRQQHFWLRQDQGH[SORLWDWLRQRIRWKHUVRXUFHVZKLFKFXUUHQWO\GRQRWORRNIHDVLEOHWRFRQVLGHUEXWLQWKHIXWXUHPD\
EHFRPHVLJQLILFDQW7KLVZLOOFKDQJHWKHDUFKLWHFWXUHWRSRORJ\RIWKHQHWZRUN,WLVHQDEOHGE\LQLWLDOGHVLJQVXFK
DV WKH DELOLW\ RI WKH VLQN WR DFFRPPRGDWH SRVVLEOH LQFUHDVH LQ FDSDFLW\ IURP RWKHU VRXUFHV RU D SLSH WKDW FDQ
DFFRPPRGDWHSRVVLEOHLQFUHPHQWLQFDSDFLW\
 
)LJOD\RXWRIWKUHHJHQHULFQHWZRUNGHVLJQVWUDWHJLHV

7KH QH[W VWHS WKHQ LV WR LGHQWLI\ DQG GHILQH SRWHQWLDO IOH[LEOH FRQQHFWLYLW\ RSWLRQV DQG GHILQH WKH WULJJHULQJ
FRQGLWLRQVJRYHUQLQJZKHQZHVKRXOGH[HUFLVHWKHVHIOH[LELOLWLHV*LYHQWKHWUDMHFWRU\RIIORZIURPVXSSO\VRXUFHV
)LJWKUHHVWUDWHJLHVIRUFRQQHFWLQJWKHQHWZRUNVDUHLGHQWLILHGVKRZQLQ)LJDF7KHILUVWVWUDWHJ\)LJD
LVDGHWHUPLQLVWLFGHVLJQE\ZKLFKDOOWKHVXSSO\QRGHVDUHFRQQHFWHGZLWKFDSDFLW\EDVHGRQWKHGLVWULEXWLRQRIWKH
LQLWLDOIORZHVWLPDWH\HDU,QWKLVFDVHRQO\WKHPHDQRIWKHIORZDWLQLWLDOVWDJHDUHFRQVLGHUHGDQGWKHFDSDFLW\RI
WKHSLSHUHTXLUHGE\HDFKVXSSO\QRGHLVIL[HG7KHVHFRQGVWUDWHJ\)LJELVDOVRGHWHUPLQLVWLFE\ZKLFKWKHGHFLVLRQ
PDNHUGHFLGHVWRLJQRUHFRQQHFWLQJ61EHFDXVHLWVIORZLVQRWVLJQLILFDQWHQRXJKWRMXVWLI\FRQQHFWLRQMXVWEDVHG
RQ\HDUYDOXH7KHWKLUGFDVH)LJFLVDIOH[LEOHGHVLJQFRQQHFWLQJQRGHVZKLFKKDYHVLJQLILFDQWIORZDWLQLWLDO
VWDJH61DQG61DQGEXLOGVWKHRSWLRQRIFRQQHFWLQJWR61UHSUHVHQWHGLQGDVKOLQHLQ)LJF:KHQWKHIORZ
IURP61PDNHVHFRQRPLFEHQHILWWKHGHYHORSHUZLOOH[HUFLVHWKHRSWLRQEXLOGFRQQHFWLRQWR617KHFRVWRI
WDNLQJWKHRSWLRQLQWKLVFDVHLVWKHLQYHVWPHQWFRVWRIH[WUDSLSHFDSDFLW\DQGOHQJWKLQGHVLJQFFRPSDUHGWRGHVLJQ
E7KHRSWLRQZLOOEHH[HUFLVHGZKHQWKHUHYHQXHIURP61FDOFXODWHGXVLQJHTXDWLRQGXHWRWKHLQFUHDVHLQ
IORZH[FHHGVWKHFRVWRILWVFRQQHFWLRQ([HUFLVLQJWKHRSWLRQZLOOWKHQFKDQJHWKHDUFKLWHFWXUHRIWKHQHWZRUN












)LJ&XPXODWLYHSUREDELOLW\GLVWULEXWLRQRI139
(DFKRIWKHWKUHHGHVLJQVWUDWHJLHVZDVUXQWKURXJKWKHDOJRULWKPVKRZQLQ)LJIRUWLPHV'HSHQGLQJRQWKH
YDOXHRIIORZIURPHDFKVXSSO\QRGHVWKHDOJRULWKPSURYLGHGORZFRVWFRQQHFWLRQVQHWZRUNV,QHDFKF\FOHRIUXQ
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WKHDOJRULWKPDOVRFDOFXODWHGWKHHFRQRPLFRXWSXWDVQHWSUHVHQWYDOXH139:HWKHQVRUWHGWKHUHVXOWLQJ139V
FDOFXODWHGIRUHDFKVWUDWHJ\DQGSORWWHGWKHPDVFXPXODWLYHGLVWULEXWLRQIXQFWLRQIRU139VKRZQLQ)LJ7RSHUPLW
FRPSDULVRQEHWZHHQWKHWKUHHGHVLJQVZHQRUPDOL]HWKH139YDOXHVIRUHDFKGHVLJQDJDLQVWWKHPHDQ139YDOXH
RIGHVLJQD
)URP)LJZHFDQVHHWKDWGHVLJQFKDVKLJKHU139WKDQWKHRWKHUWZRGHWHUPLQLVWLFGHVLJQV0RUHVSHFLILFDOO\
WKHPHDQ139RIGHVLJQF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